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ABSTRACT
Oh, Jaesung M.S., Department of Physics, 2007.
Fabrication of silver nanoparticles by solution phase method and physical
characterization of their arrays

Synthesis of silver nanostructures has been an active research area for
many decades because of their importance in biological sensing, imaging, electronics,
optoelectronics and catalysis.

In particular, much effort has been devoted to the

controlled synthesis of silver nanowires because of their potential use as interconnects
or active components in fabricating nanoscale devices.

The solution phase method is

used here to form Ag nanoparticles by reducing silver nitrate with ethylene glycol
heated to 160 oC.

The additional presence of polyvinyl pyrrolidone plays a role of

stabilizer to prevent an agglomeration and/or a capping agent to produce highly
anisotropic nanowires.

Silver nanoparticles are extracted from the highly viscous

ethylene glycol through centrifugation, filtration, decanting and dilution in de-ionized
water.

The monodispersed silver nanomaterials are self-assembled into ordered

arrays on a glass substrate by the drop-coating method.

SEM and AFM micrographs

are presented to characterize the microstructure of these nanomaterials and their
arrays.

Their physical characterizations are discussed by using evanescent

microwave microscopy.

In particular, values of resonant frequencies and Q-factors

iii

of silver nanoparticle arrays measured by evanescent microwave microscope are used
to fit to theoretical model allowing calculation their relative local conductivities.

iv
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GOALS OF THESIS

The goal of my thesis is to study nucleation and growth of silver nanoparticles
and nanowires by using solution phase method. Also a drop-coating method with
several modifications was used for self-assembly of these nanomaterials.
characterization of the arrays was done using SEM and AFM.

Structural

This equipment is

located in Air Force Research Laboratory (AFRL) and my thesis was partially based
on collaborative efforts between AFRL and Wright State University.

Physical

characterization of the local conductive properties of nanomaterial arrays was done by
using an evanescent microwave microscope.

The method of images was used as a

theoretical model to interpret evanescent microwave microscopy measurements and to
find the real and imaginary permittivity parameters of self-assembled arrays of silver
nanomaterials.
Chapter 1 presents a brief introduction to homogeneous and heterogeneous
nucleation and growth of metallic nanoparticles.
Chapter 2 describes a few selected syntheses of metallic nanoparticles and
nanowires by homogeneous and heterogeneous nucleation followed by spontaneous
growth.
Chapter 3 concentrates on nanomaterial self-assembly with emphasis on four

xv

fundamental forces (capillary, van der Waals, electric and gravitational) which are
responsible for spontaneous creation of perfect nanomaterial arrays.
Chapter 4 gives a complete description of synthesis of metallic nanomaterials
by the solution phase method including details of the experimental set-up, synthesis
process and summary of fabricated nanomaterials.
Chapter 5 describes structural characterization techniques such as SEM and
AFM used to analyze nanomaterials.
Chapter 6 presents a description of the drop-coating method with several
modifications to fabricate self-assembled arrays of silver nanomaterials.

Physical

characterization of these nanomaterial arrays by evanescent microwave microscope is
discussed in detail, including theoretical interpretation of the experimental data.
Chapter 7 provides analysis of experimental results with conclusions.

xvi

CHAPTER 1

NUCLEATION AND GROWTH OF METALLIC
NANOPARTICLES

1.1 Fundamentals of homogeneous nucleation of metallic
nanoparticles

A supersaturation of growth species is critical factor to form nanoparticles by
homogeneous nucleation.

This can be done by a reduction in temperature of an

equilibrium mixture below solubility limit or through in situ chemical reactions by
converting highly soluble chemicals into less soluble chemicals.

Metal quantum dot

formation in a glass matrix by annealing or fabrication of semiconductor
nanoparticles by pyrolysis of organometallic precursors are examples of the
supersaturated growth methods mentioned above, respectively.

An excess of a

solute concentration in a solvent above its equilibrium solubility or a reduction of
temperature below the phase transformation point in a saturated solution leads to
creation of a new phase [1].
A solution with solute exceeding the solubility or supersaturation leads to a

1

reduction of a high Gibbs free energy of the system.

As a result of this reduction, a

solute segregates from the solution forming a solid phase and maintaining an
equilibrium concentration in solution.

The reduction of Gibbs free energy is the

driving force for nucleation and growth from saturated solution.

The Fig.1 is a

schematic showing the reduction of the overall Gibbs free energy.

Fig. 1. Schematic showing the reduction of the overall Gibbs free energy of a
supersaturated solution by forming a solid phase and maintaining an equilibrium
concentration in solution [1].

The Gibbs free energy change, ∆Gv, per unit volume of the solid phase can be
expressed by the concentration of the solute:

,

where

C

(1)

is the concentration of the solute, C0 is the equilibrium concentration or

2

solubility, k

is the Boltzmann constant, T

volume, and

σ

is the temperature, Ω

is the supersaturation defined by (C - C0)/C0.

is the atomic
If the

supersaturation is zero, the Gibbs free energy change is zero and a nucleation can not
happen.

If the concentration of the solute is greater than the equilibrium

concentration, ∆Gv has a negative value and then nucleation occurs spontaneously.
Assuming a spherical nucleus with a radius of r, the total Gibbs free energy change,
∆µv, can be expressed by:

.

(2)

This change in Gibbs energy is counter balanced by creation of a new surface energy
∆µs described by:

,

where

(3)

γ is the surface energy per unit area.

free energy ∆G

∆G

Finally, the total change of Gibbs

for nucleus formation, is expressed by:

=

.

3

(4)

Fig. 2

shows the change of volume Gibbs free energy, surface free energy and total

Gibbs free energy as a function of nucleus’ radius.
value

The radius must exceed a critical

r* to form a nucleus.

Fig. 2. Schematic illustrating the change of volume Gibbs free energy, ∆µv, surface
free energy, ∆µs and total Gibbs free energy, ∆G, as a function of nucleus’ radius.

If the radius of nucleus is smaller than r*, nucleus dissolves back into the solution to
reduce overall free energy.

On the other hand, if the radius of nucleus is larger than

r*, nucleus is stable and grows continuously.

Finally, from a minimization of the

total Gibbs free energy (Eq.4) with respect to

r, we have the following critical

values for radius r* and Gibbs free energy ∆G* of the nucleus:

r* = (-2γ)/(∆Gv) ,

(5)

4

∆G* =16πγ3/3(∆Gv)2 ,

where

(6)

∆G* represents the energy barrier to be overcome for a stable nucleation

process. From Eqs.(5)-(6), to reduce the critical size and free energy for synthesis of
nanoparticles, the change of Gibbs free energy ∆Gv

should increase, which is

related to the increase in supersaturation parameter σ, and the surface energy of the
new phase should decrease.

Fig. 3. The effect of temperature on the critical sizes and critical free energy of three
spherical nuclei. Supersaturation increases with a decreasing temperature and surface
energy also varies with temperature. TE > T1 > T2 > T3 with TE being the equilibrium
temperature.

Fig.3 compares the critical sizes and critical free energy of three spherical nuclei with
different values of supersaturation

σ which increases with decreasing temperature.

In addition, σ can be altered by presence of impurities in solid phase, additives in
solution and different solvent.

The rate of nucleation per unit volume and per unit

5

time

RN can be described by:

RN = [Co kT exp(-∆G*/kT)]/(3πλ3η) ,

(7)

which indicates that high initial concentration Co
η and low critical energy barrier
nuclei at the given temperature

T.

or supersaturation, low viscosity

∆G* favor the formation of a large number of
λ

is the diameter of the growth species.

Fig. 4 shows the process of nucleation and subsequent growth.

Fig. 4. Schematic illustrating the process of nucleation and subsequent growth.

If the concentration of solute increases as a function of time, the nucleation does not
occur even above the equilibrium concentration.

6

The nucleation only occurs when

the supersaturation reaches a certain value above the solubility.
by Eq.(6) as the energy barrier for the formation of nuclei.

This value is defined

Once the initial

nucleation forms, the concentration or supersaturation of the growth species decreases
and then the Gibbs free energy change also reduces.

When the concentration of the

growth species decreases below this specific concentration no more nuclei would
form.

Otherwise, the growth will continue until the concentration of growth species

reaches equilibrium concentration or solubility.
For the synthesis of nanoparticles with uniform size distribution, all nuclei
should be formed at the same time.

In this case, the size of nuclei is almost the same

or similar leading to the uniform nuclei growth.
at the same time and in a short period of time.

It is important to create nucleation
To achieve this sharp nucleation, the

concentration of the growth species should increase abruptly to a very high
supersaturation and then rapidly brought below the minimum concentration for
nucleation.

No more new nucleus forms below this minimum concentration whereas

the existing nuclei grow continuously until the concentration of growth species
reduces to the equilibrium concentration.

The size distribution of initial nuclei

depends on the kinetics of the subsequent growth process.

7

1.2 Fundamentals of heterogeneous nucleation of metallic
nanoparticles

Heterogeneous nucleation is created by a new phase on a surface of different
material. In this case, we just consider heterogeneous nucleation process on planar
surface. Fig.7 shows heterogeneous nucleation process. The growth species in the
vapor phase impinged on the substrate surface and they diffuse and aggregate to form
a nucleus in the shape of a cap. As result of the diffusion and aggregation there is a
decrease in the Gibbs free energy and an increase in the surface energy or interface
energy similar to homogeneous nucleation. The total change of Gibbs free energy
needed to create this nucleus is expressed by following equation:

∆G = a3r3∆µv+ a1r2 γvf+ a2r2 γfs –a2 r2 γsv ,

(15)

where r is the mean dimension of the nucleus (see Fig.7), ∆µv is the change of Gibbs
free energy per unit volume; γvf , γfs, and γsv are the surface or interface energy of
vapor-nucleus, nucleus-substrate, and substrate-vapor interfaces, respectively and

8

Fig. 5. Schematic illustration of heterogeneous nucleation process with all related
surface energy in equilibrium.

a1 = 2π (1-cosθ)
a2 = π sin2θ

,

(16)

,

(17)

a3 = (π/3 )(2 - 3 cos θ+ cos3θ)

,

(18)

where θ is the contact angle, which is dependent only on the surface properties of the
surfaces or interfaces involved and defined by Young’s equation:

γsv = γfs + γvf cos θ

.

(19)

The formation of new phase results in a reduction of the Gibbs free energy and is
similar to homogeneous nucleation. From minimization of Gibbs free energy
(Eq.(15)), the nucleus is stable only when its size is larger than the critical size, r*:

9

r* = -2( a1 γvf + a2 γfs + a2 γsv )/(3 a3 ∆Gv)

,

(20)

and the critical energy barrier, ∆G*, is given by:

∆G* = 4(a1 γvf + a2 γfs + a2 γsv )3/(27 a32 (∆Gv)2)

.

(21)

Substituting all the geometric constants (Eqs.(16)-(18)), we get:

r* = (-2γvf)/(∆Gv) ,

(22)

∆G* = {16π(γvf) 3 / 3(∆Gv)2}{(2 - 3cosθ + cos3θ)/4}.

(23)

Comparing Eq.(23) with Eq.(6), the first term shows the value of the critical energy
barrier for homogeneous nucleation, whereas the second term is a wetting factor.
When the contact angle is 180˚, which means that the new phase does not wet on
substrate at all, the wetting factor equals to 1 and the critical energy barrier becomes
the same as that of homogeneous nucleation.

Therefore, the heterogeneous

nucleation requires less energy than homogeneous nucleation in most cases.
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1.3 Growth of nuclei

The size distribution of nanoparticles depends on the subsequent growth
process of nuclei. The growth can be controlled by the diffusion or by surface process.
If the growth process is controlled by the diffusion of growth species from the bulk
solution to the nanoparticle surface, the growth rate is given by;

dr/dt = D(C - Cs) Vm/r ,

where

r

(8)

is the radius of spherical nucleus, D

growth species, C

is the diffusion coefficient of the

is the bulk concentration, Cs is the concentration on the surface

of solid particles, and

Vm

is the molar volume of the nuclei as illustrated in Fig.5.

By solving the differential equation (Eq.(8)) with the initial size of nucleus ro
and assumption that the change C - Cs is negligible, we have:

r2 = kDt + r o2 ,

where

kD = 2 D(C - Cs) Vm .

(9)

For two particles with initial radius difference
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δro ,

the radius difference

δr

decreases with increase of nuclear radius and prolonged

growth time promoting the formation of uniformly sized particles in accordance with
the following equation:

δr = ro δro / [kDt + r o2]1/2

.

(10)

When the diffusion of growth species is rapid, the concentration on the surface
of the nanoparticle is the same as that in the bulk as illustrated by a dash line in Fig.5
and the growth rate is governed this time by the surface process.

Fig. 6. Schematic diagram of the concentration profile of an alloy component or
impurity distribution across the solid-liquid interface, showing the formation of a
depletion boundary layer in the liquid phase.

One of the mechanisms of the process called mononuclear growth relies on
layer by layer growth.

In this situation, the growth rate is proportional to the surface

12

area and results in the following time dependence of the nanoparticle radius:

(r)-1 = (ro)-1 - kmt ,

where

(11)

km depends on the concentration of growth species.

initial radius difference

δro , the radius difference

δr

For two particles with

increases with a prolonged

growth time which does not favor the synthesis of monosized nanoparticles and is
described by the following formula:

δr = δro / [1 – km t r o]2 ,

where

(12)

km t r o < 1.
Another mechanism of the surface process called poly-nuclear growth, which

occurs when the surface concentration is very high, results in the second layer growth
before the first layer is completed. This time the growth rate is constant and time
dependence of the nanoparticle radius is linear:

r = ro + kpt ,

(13)
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where

kp

is a constant only dependent on temperature.

For two particles with initial radius difference

δro , the radius difference

δr

remains constant regardless of the growth time and the absolute particle size:

δr = δro .

(14)

Despite the fact that radius difference Eq.(14) is constant, the relative radius
difference would be inversely proportional to the particle radius and the growth time
favoring the synthesis of monosized particles.

Fig. 7. Schematic illustrating the radius difference as functions of growth time for all
three mechanisms of subsequent growth discussed above.

Fig. 6 illustrates the relative radius difference as a function of growth time for

14

all three mechanisms of subsequent growth discussed above.

It is obvious from

Fig. 6 that a diffusion controlled mechanism is most favorable for the synthesis of
monosized particles by homogeneous nucleation.

It can be achieved by keeping the

concentration of growth species extremely low, by increasing the viscosity of solution
or by introducing a diffusion barrier on the surface of a growing nanoparticle.

CHAPTER 2

SELECTED FABRICATION METHODS OF NANOMATERIALS

2.1 Synthesis of metallic nanoparticles by homogeneous nucleation

We will focus our discussion on the synthesis of metallic nanoparticles through
homogeneous and heterogeneous nucleation excluding solution process which is the
most common method.

In this solution method, formation of metallic nanoparticles

dispersed in a solvent offers several advantages which include :
-

stabilization of nanoparticles from agglomeration,

-

extraction of nanoparticles from solvent,

-

surface modification and application,
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-

processing control,

-

mass production.

The detail description of this process will be done in the separate chapter later.

2.1.1 Vapor phase reactions

The metallic nanoparticles, formed by homogeneous nucleation, are synthesized
at elevated temperature and under a vacuum to ensure a low concentration of growth
species so as to promote diffusion-controlled subsequent growth.

It has been

demonstrated that various nanoparticles can be synthesized by vapor phase reactions.
Grown nanoparticles are normally collected on a non-sticking substrate placed down
stream at a relatively low temperature.

For example, the gas aggregation technique

has been applied in the synthesis of Ag nanoparticles of 2-3 nm in diameter.

The

formation of prolate nanoparticles were found in the systems of Au and Ag on (100)
NaCl substrates.

An increase in reaction and nucleation temperature and an increase

in concentration of precursors results in an increased particle size without affecting
morphology of nanoparticles.

16

2.1.2 Solid state phase segregation

Metallic nanoparticles can be formed by homogeneous nucleation in glass
matrix. The metal precursors are homogeneously dispersed in the liquid sate of glass
which is melt at high temperature during glass fabrication.

The glass usually is

annealed by heating to the temperature above the glass transition point and then kept
there for pre-designed period of time.

During the annealing, the metal precursors are

converted to metals forming nanoparticles through nucleation and subsequent growth
via solid-state diffusion.
Homogeneous glasses are made by dissolving metals, in the form of ions, in
glass melts and then rapidly cooled down to room temperature.

Upon reheating to

an intermediate temperature region, metallic ions are reduced to metallic atoms by
certain reduction agents such as antimony oxide that is already added into the glasses.
The glasses with metallic nanoparticles such as gold, silver, and copper can be
synthesized by this process or through sol-gel processing as well.

In general,

metallic atoms are not soluble in glasses in contrast to metallic ions which are highly
soluble. As a result, when glasses are heated to the elevated temperatures, metallic
atoms obtain required diffusivity to migrate through the glasses to form nuclei.
Finally, these nuclei grow further and subsequently generate various sizes of metallic
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nanoparticles.

Fig.8 shows the TEM micrographs of Cu and Ag nanoparticles in

glass matrices.

Fig. 8. TEM micrograph of Cu and Ag nanoparticles in BaO-P2O5 glass: (a) 50P2O550Ba-6SnO-6Cu 2O, and (b) 50P2O5-50BaO-4SnO-4Ag2O [2].

Metallic nanoparticles in polymer matrix can be synthesized through the
reduction of metal ions by growing polymer chain radicals.

Typical preparative

procedure can be illustrated by taking the synthesis of Ag nanoparticles in PMMA
(polymethylmethacrylate).

In addition metallic nanoparticles can also be prepared

through precipitation or crystallization by annealing amorphous metal alloys at
elevated temperatures.

2.2 Synthesis of metallic nanoparticles by heterogeneous nucleation

For synthesis of metallic nanoparticles by heterogeneous nucleation, thermal
oxidation and sputtering have been proposed to generate surfaces defects to act as
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nucleation centers to obtain a homogeneous distribution of particles on highly
oriented pyrolitic graphite (HOPG). When metals are evaporated such as Ag and Au,
they tend to form small particles on HOPG [3]. When edge defects are on surface of
graphite substrate, silver or other metals atoms are concentrated only around these
step edges. At these locations, the metal atoms diffuse and form particles concentrated
at the step edge because the step edges are preferred nucleation sites due to highenergy state. However, where the defects, such as pit holes, are homogeneously
distributed on the substrate plane, silver particles are distributed all over the whole
graphite surface (Fig.9).
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Fig. 9. Scanning force microscopy image of silver nanoparticles on HOPG-298
graphite substrate: (a) growth occurs only at the edge defects in the original substrate
and (b) growth occurs wherever surface defects are present [3].

Nickel nanoparticles of diameters ranging from 20 nm to 600 nm with a narrow size
distribution on HOPG substrate were synthesized using a hydrogen co-evolution
electrochemical deposition [4].

The hydrogen co-evolution method enables the size-
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selective deposition on Ni nanoparticles that are very narrowly dispersed in diameter
and involves the concurrent evolution of hydrogen atom and electrodeposition of
nickel.

Fig.10 represents SEM images of HOPG electrode surfaces following the

electrodeposition of nickel at various potentials for various deposition times.

Fig. 10. SEM images of HOPG electrode surfaces following the electrodeposition of
nickel at various potentials for various deposition times. The deposition solution
consists of the aqueous 10 mM of Ni(NO3)2, 1M of NaCl and 1M of NH4Cl with pH =
8.3. a) ±1.2 V vs. mercurous sulfate electrode x 25 min (deposition time); b) ±1.6 V x
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2.8 s; c,d) ±2.0 V x 1.5 s.

2.3 Synthesis of metallic nanorods and nanowires

One-dimensional nanostructures have been called by a variety of names
including: whiskers, fibers or fibrils, nanowires and nanorods.

One-dimensional

structures with diameters ranging from several nanometers to several hundred microns,
referred in the literature as whiskers and fibers, are not a main focus of my thesis in
contrast to nanorods and nanowires which have diameters not exceeding a few
hundred nanometers.

In general, nanowires have a high aspect ratio than that of

nanorods.
Many techniques have been developed in the synthesis and formation of
nanowires and nanorods.

They can be grouped into four categories:

-

spontaneous growth,

-

template-based synthesis,

-

electrospinning,

-

lithography.
Spontaneous growth, template-based synthesis and electrospinning are

considered as a bottom-up approach, whereas lithography is a top-down technique.
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Spontaneous growth results in the formation of single crystal nanowires or nanorods
along a preferential crystal growth direction depending on the crystal structures and
surface properties.

Template-based synthesis produces polycrystalline or amorphous

products. Electrospinning is known as electrostatic fiber processing. Finally,
lithography is the process of transferring a pattern into a reactive polymer film,
termed as a resist, which will subsequently be used to replicate that pattern into an
underlying thin film or substrate.

Lithography is widely used technique in

microelectronic fabrication (semiconductors) for mass production of integrated circuit.

2.3.1 Spontaneous growth (dissolution-condensation growth)

Spontaneous growth is a process driven by the reduction of Gibbs free energy
or chemical potential. The reduction of Gibbs free energy is realized by phase
transformation, chemical reaction or release of stress.
nanowires or nanorods , anisotropic growth is required.

For the formation of
Also defects and impurities

on the growth surfaces can play a significant role in the morphology of the final
products. The driving force for the synthesis of nanorods and nanowires by
spontaneous growth is a decrease in Gibbs free energy, which arises from either
recrystallization or a decrease in supersaturation. Dissolution-condensation growth
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results in single crystals and is anisotropic in nature.

Several mechanisms lead to

anistropic growth:
-

different facets in a crystal have different growth rate,

-

presence of imperfections in specific crystal directions such as screw
dislocation,

-

preferential accumulation of or poisoning by impurities on specific facets.

In general, crystal growth can be considered as a heterogeneous reaction consisting
with the following six steps (illustrated in Fig.11).
1.

Diffusion of growth species from the liquid to the growing surface.

2.

Adsorption or desorption of growth species onto and from growing surface.

3.

Surface diffusion of adsorbed growth species.

During this diffusion, an

adsorbed species may either be incorporated into a growth site or escape from the
surface.

Fig. 11. Schematic illustrating six steps in crystal growth, which can be generally
considered as a heterogeneous reaction, and a typical crystal growth proceeds
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following the sequences.

4.

Surface growth by irreversibly incorporating the adsorbed growth species into the

crystal structure.
5. and 6. Desorption of reaction by-products and diffusion away of them.
For most crystal growth, rate limiting step is either adsorption-desorption of
growth species (step 2) or surface growth (step 4). In step 2, the growth rate is
determined by condensation rate :

J = (ασCo)/(2πmkT)1/2 ,

(15)

where J (atoms/ sec cm2) is dependent on the number of growth species adsorbed onto
the growth surface, α

is the accommodation coefficient (the fraction of impinging

the growth species that becomes accommodated on the growing surface), σ = (C Co)/Co is the supersaturation of the growth species, Co is the equilibrium
concentration at temperature T, m is the atomic weight of the growth species, k is
Boltzmann constant.

Specific difference in accommodation coefficients in different

facets would result in anisotropic growth.

When the concentration of the growth

species is very low, the adsorption is more likely a rate-limiting step.
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With

increasing concentration, the surface growth becomes a limiting step and the growth
rate becomes independent of the concentration of growth species as schematically
shown in Fig.12.

Fig. 12. Relation between growth rate and reactant concentration. At low
concentration, growth is diffusion limited and thus increases linearly with increasing
reactant concentration. At high concentration, surface reaction is the limit step and
thus the growth rate becomes independent of reactant concentration.

An impinging growth species onto the growth surface can be described in terms of
residence time τ :

τ = (υ)-1[exp(Edes/kT)]

where

,

(16)

Edes is the desorption energy required for the growth species to escape back

to the liquid and υ is the vibrational frequency of the adatom, i.e., adsorbed growth
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species on the surface (typically 1012 sec-1).

While residing on the growth surface,

growth species will diffuse along the surface with the surface diffusion coefficient Ds
given by :

Ds = (0.5 a υ) [exp(- Es/kT)] ,

where

(17)

Es is the activation energy for surface diffusion and

a

is the size of the

growth species. It is clear that in a crystal surface, if the mean diffusion distance,
X = (2)1/2 Dsτ, is longer than the distance between two growth sites, all absorbed
growth species will be incorporated into the crystal structure and the accommodation
coefficient α ≈ 1.

If X

is shorter than the distance between growth sites, all

adatoms will escape back to the liquid and α ≈ 0. The

α

coefficient depends on

desorption energy, activation of surface diffusion and the density of growth sites.
When the growth rate (step 2) proceeds rapidly, surface growth (step 4)
becomes a rate-limiting process.

We know from Chapter 1 that in a crystal, different

facets have different surface energy, atomic density and a number of broken chemical
bonds. The Periodic Bond Chain (PBC) theory explains the different growth rate
and behavior in different facets.

According to this theory, {100} facets are flat

surfaces (denoted as F-face) with one periodic bond chain running through one such
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surface, {110} are stepped surfaces (S-face) that have two bond chains, and {111} are
kinked surfaces (K-face) that have three bond chains (see Fig.13).

Fig. 13. Schematic illustrating the PBC theory. In a simple cubic crystal, {100} faces
are flat surfaces (denoted as F-face) with one PBC running through one such surface,
{100} are stepped surfaces (S-face) that have two PBCs, and {111} are kinked
surfaces (K-face) that have three PBCs [5].

For S-face and K-face surfaces with accommodation coefficients close to unity no
absorbed atoms would escape back to the liquid phase.

It is obvious that both these

faces have a faster growth rate than F-faces which accommodation coefficient varies
between zero (no growth at all) and unity (absorption limited).

However, facets with

fast growth rate tend to disappear because of high surface energy.

In a thermody-

namically equilibrium crystal, only those surfaces with the lowest total surface energy
will survive as determined by Wulff plot.

Based on the PBC theory, the formation of
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high aspect ratio nanorods and nanowires requires preferential defect-induced growth
or impurity-inhibited growth instead of different growth rates of various facets. In
dissolution-condensation process, the growth species first dissolve into a solvent or a
solution, and then diffuse through the solvent or solution and deposit onto the surface
resulting in the growth of nanorods or nanowires.
crystal nanoparticles, which serve as seeds.

Nanowires can grow on alien

Sun et al.[6] synthesized crystalline

silver nanowires of 30 nm-40 nm in diameter and ~50 µm in length using platinum
nanoparticles as growth seeds.

The growth species of Ag are generated by the

reduction of AgNO3 with ethylene glycol, whereas the anisotropic growth was
achieved by introducing surfactants such as polyvinyl pyrrolidone (PVP) in the
solution. This surfactant absorbed on some growth surfaces is blocking the growth,
resulting in the formation of uniform crystalline silver nanowires.

TEM analyses

revealed that the growth direction of fcc silver nanowires were [211] and
11].

[0

Fig. 14 shows silver nanowires grown in solution using Pt nanoparticles as

growth seeds.
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Fig. 14. SEM images of silver nanowires grown in solution using Pt nanoparticles as
growth seeds [6].

2.3.2 Template-based synthesis

Template-based synthesis has been extensively explored by many research
groups [7,8,9,10].

This template-based synthesis is one of the general methods for

fabrication of metallic nanomaterials.

There exist many different types of templates

with nanosized channels for the growth of nanorods and nanowires. Among them
anodized alumina membranes, radiation track-etched polymer membranes,
mesoporous materials and carbon nanotubes are the most frequently used.

However,

the most widely used templates are alumina membranes which have uniform and
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parallel porous structure. The porous alumina membranes are usually prepared by
anodic oxidation of aluminum foils in an acidic medium.

Due to preferential etching

along aluminum grain boundaries aluminum foil changes into alumina with
hexagonally packed array of pores (Fig.15).

Cell
Pore

Al
Al2O3

Fig. 15. Schematic structure of anodic porous alumina [11].

The pore densities are as high as 1011 pores/cm2. Pore size is ranging from 10 nm to
100 µm.

In addition to desired pore and channel size, morphology, size distribution

and density of pores must meet certain requirements.

Namely, the template materials

must be compatible with the processing conditions, the solution must wet the internal
pore walls and the deposition should start from the pore wall and proceed inwardly for
the synthesis of nanorods or nanowires.

One of the methods allowing to fill

membrane channels with appropriate materials is electrochemical deposition.

Fig.16

illustrates the common set-up for the template-based growth of nanowires using this
deposition.
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Fig. 16. Common experimental set-up for the template-based growth of nanowires
using electrochemical deposition. (a) Schematic illustration of electrode arrangement
for deposition of nanowires. (b) Current-time curve for electrodeposition of Ni into a
polycarbonate membrane with 60 nm diameter pores at -1.0 V. Insets depict the
different stages of the electrodeposition [9].

Template is attached onto the cathode, which is subsequently brought into contact
with the deposition solution.
to the cathode.

The anode is placed in the deposition solution parallel

When an electric field is applied, cations diffuse toward and reduce

at the cathode, resulting in the growth of nanowires inside the pores of template.
This figure also schematically shows the current density at different deposition stages
when a constant electric field is applied.

The nanowires of the Ni, Co, Cu and Au

with nominal pore diameters between 10 nm and 200 nm were fabricated by using this
electrochemical deposition.

As an example, Fig.17 shows some SEM images of

antimony nanowires grown by electrochemical deposition in templates.
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Fig. 17. (a) Field-emission SEM image of the general morphology of the antimony
nanowire array. (b) Field emission SEM showing the filling degree of the template
and height variation of the nanowires. (c) TEM image of antimony nanowires
showing the morphology of individual nanowires. (d) XRD pattern of the antimony
nanowire array; the sole diffraction peak indicates the same orientation of all
nanowires [12].

To produce metallic nanowires from metallic precursors, at least two steps are
required. The first step is the filling process of the pores with metal precursors [1]
such as HAuCl4, H2PtCl6, AgNO3 and so on, which include a metal element
respectively Au, Pt and Ag. The second step is conversion process of these precursors
to metal which has to be deposited into pores. During this process, a wet ability of
pore walls plays important role in penetration and complete filling of pores with metal.
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Usually, this deposition starts from the bottom of the pores.
Direct template filling is the most straightforward and versatile method in
preparation of nanorods and nanowires.
precursor mixture is used to fill the pores.

Most commonly, a liquid precursor or
One example is the preparation of

bismuth nanowires by pressure injection of molten bismuth into the nanochannels of
an anodic alumina template.

Bi nanowires with diameters of 13 nm – 110 nm and

large aspect ratios of several hundred have been obtained [13].

Another example is

synthesis of Au, Ag and Pt nanowires in mesoporous silica templates filled with
aqueous solutions of the appropriate metal salts (such as HAuCl4) [14].

CHAPTER 3

SELF-ASSEMBLY OF NANOPARTICLES AND NANOWIRES

One of the most fundamental processing techniques, namely, the thin film
deposition which uses molecules as building blocks is an example of self-assembly.
The key idea of self-assembly process is that the final structure consisting of building
blocks in the form of nanoparticles or nanorods has to be put together into an array
close enough to the thermodynamic equilibrium.
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As a consequence of the

equilibrium this array is formed spontaneously and rejects defects.

A variety of

interactions between the substrate and building blocks and between building blocks
themselves can be behind the formation of self-assembled structures.

Molecular

self-assembly involves van der Waals, electrostatic and hydrophobic interactions
including hydrogen and coordination bonding.

In the self-assembly of mesoscopic

objects with nanostructures as building blocks, gravitation, electromagnetic field,
shear and capillary are additional forces participating in the construction of arrays.

3.1 Capillary force

The capillary force is one of the common forces responsible for the selfassembly of nanoparticles into two-dimensional array. The capillary force is generated
by deformation of liquid surface at the interface with nanoparticles. This interfacial
deformation created by the nanoparticles is proportional to the magnitude of the
capillary force between, for example, two colloidal particles. Fig.18 shows two
typical approaches of self-assembly of colloidal particles by lateral capillary
interaction.
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Fig. 18. Schematic showing two typical approaches of self-assembly of colloidal
particles by capillary force. Flotation (a,c,e) and immersion (b,d,f) lateral capillary
forces between two particles attached to fluid interface: (a and b) two similar
particles; (c) a light and a heavy particle; (d) a hydrophilic and a hydrophobic particle;
(e) small floating particles that do not deform the interface; (f) small particles
captured in a thin liquid film deforming the interfaces due to the wetting effects. [15].

Fig.18 (a),(c) and (e) presents a lateral capillary force of the attractive
interaction between floating nanoparticles on the liquid-air surface which is described
by:

F ≈ (R6/σ)K1(L) ,

(18)

and Fig.18 (b),(d) and (f) presents a lateral capillary force of the attractive interaction
between partially immersed nanoparticles directly in contact with the substrate and
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quantified by the following expression:

F ≈ (σR2)K1(L) ,

(19)

where σ is the interfacial tension between air and liquid, R is the radius of particle,
K1(L) is the modified Bessel function of the first order, and L is the inter-particle
distance.

The quality of two dimensional arrays formed by using these methods can

be fine-tuned by controlling the particle size, the number of particles, the properties of
the particles and the underlying liquid and wetting properties of liquid. To increase
wetting, the surfactant can be added into colloidal dispersion or by pre-coating the
substrate with a thin layer of surfactants. Fig.19 is SEM image of three dimension
structure of nanospheres self-assembled using capillary force.

Fig. 19. (A) Typical scanning electron micrograph (SEM) of a sample (top view)
showing spheres of 298.6 nm diameter. The inset shows a Fourier transform of a 40 x
40 µm2 region. (B) Typical SEM side view of the same sample at the same
magnification ( x 12000), showing a perspective view of the cleaved face and the
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underlying substrate [16].

Sandu et al., [17] reported self-assembly of iron nanoparticles by attractive
capillary force on Si substrate. The iron nanoparticles were synthesized by the laser
pyrolysis technique and then dispersed in organic liquid. After filtering of the
suspension with filter papers having pores of 3 µm – 6 µm, the distribution of iron
nanoparticles on the silicon substrate after the evaporation of the solvent is depicted in
Fig. 20.

Fig. 20. Optical image of dispersion for suspensions filtered with filter papers having
pores of 3 µm–6 µm [18].

3.2 Van der Waals force

Size dependent interparticle dispersion attractions ( van der Waals force) is
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sufficient to drive size segregation and assembly of nanoparticles.

According to

Hamaker theory [18], the dispersion interaction force between two finite-volume
spheres with a radius R is a function of separation L between the spheres
(Fig.21).

R

Solid 1

R

L
Liquid

Solid 2

Fig. 21. Pair of particles used to derive the van der Waals interaction.

This interaction is the sum of the molecular interaction for all pairs of
molecules composed of one molecule in each nanoparticle, as well as to all pairs of
molecules composed with one molecule in a nanoparticle and one in the surrounding
medium such as solvent. The total interaction energy or attraction potential between
two nanoparticles is described by the following expressions:

Vw = -12-1A{b + [b/(1-b)] + 2ln(1-b)},

(20)

b2 = 1 + (L/2R) ,

(21)
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where

R

is a radius of nanoparticle and

L is a separation distance between

them.

The negative sign represents the attractive nature of the interaction and

A

is a positive constant (Hamaker constant) which depends on the polarization property
of the molecules in the two nanoparticles and in the medium which separates them.
Table I listed some Hamaker constants for a few common materials.

Tab. I. Hamaker constants for some common materials [19].

From Eq.(21), we can see that

Vw is proportional to

larger than the radius of nanoparticles.
between nanoparticles in comparison to
inversely proportional to

L.

L-6

when L is much

On the other hand, at the small separation
R, the attractive potential Vw is

There is no driving force to aggregate nanoparticles
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when the attractive potential is less than kT.

While the attractive potential is greater

than kT, the particles will begin to aggregate. If the attraction between nanoparticles is
large enough, the self-assembly of nanoparticles occurs.
Bao et al.,[20] synthesized cobalt nanoparticles by a modified form of the La
Mer method [21] that injects of organometallic precursors into a hot solvent
containing a surfactant mixture. The surfactant mixture coats the surface of particles
then protects the nanocrystals from being oxidized and controls the reduced distance
of interparticles. They reported the different arrays observed and interpreted their
results in terms of interparticle interactions.

These include the long-range attractive

van der Waals forces due to polarizable metal particles, the magnetostatic interactions
between magnetic dipoles, steric stabilization arising from the surfactant coatings on
the nanoparticle surfaces.
The attraction force between two nanoparticles decays slowly (Eq.(20)) and as
a result of it, a barrier has to be developed to prevent an agglomeration. Two methods
are applied to prevent it, namely, the electrostatic repulsion and the steric exclusion.

3.3 Electric and gravitational force

Electric field has been explored to assist the assembly of rod-shaped metallic
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nanoparticles and nanowires [22].

The metallic nanowires polarize readily in the

alternating electric field due to charge separation at their surfaces.

The nanowires

will experience a dielectrophoretic force that produces net movement in the direction
of increasing field strength because they are more polarizable than the dielectric
medium (Fig.22 and Fig.23).

When the nanowires approach the electrodes, the

electric field strength between the electrodes and nanowire tips is inversely
proportional to the distance.

Such a strong electric field connects the metallic

nanowires with the electrodes in addition to the alignment.

Fig. 22. Optical microscope image of electroplated 8 mm long and 350nm in diameter
Au nanowires dispersed randomly onto a glass substrate [23].
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Fig. 23. Optical microscope image of 5 mm long and 200 nm in diameter Au
nanowires aligned by applying (a) 30 V, 1 kHz voltage to the structure without upper
field electrodes, and (b) 20 V, 1 kHz voltage to the structure with upper field
electrodes [23].

Fig. 24 and Fig. 25 show ordered hexagonal monolayers of nanoparticles
formed by using electrophoretic deposition [23].

Electrophoretic deposition differs

from electrochemical deposition in two aspects: first, there is no need for the
deposition to be electrically conductive; secondly, nanosized particles in colloidal
dispersions should be typically stabilized by electrostatic or electrosteric mechanisms.
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(a)

(b)

(c)

(d)

Fig. 24. Electron micrographs of two dimensional gold colloid lattices after different
periods of electrophoretic deposition from a 0.5 mM Au sol. The polarization times
are (a) 5 s, (b) 10 s, (c) 15 s, and (d) 35 s. Trisodium citrate ion was used as a
stabilizer [24].

Fig. 25. Electron micrographs of thiol-stabilized gold colloid lattices prepared with
different ratios of particle size to stabilizer thickness: (a) octanethiol stabilized 35 Å,
gold particles; (b) thiobenzoic acid stabilized 141 Å, gold particles; (c) sodium 3
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mercaptopropionate stabilized 185 Å gold particles [24].

Sedimentation in a gravitational field is another method used in self assembly
of nanoparticles to grow colloidal crystals.

A number of parameters, which include

the size and density of the nanoparticles and the rate of sedimentation, have to be
carefully chosen to grow highly ordered colloidal particles.

As an example, Fig. 26

shows array of amorphous silica spheres of the opal which surface is etched in dilute
hydrofluoric acid [24].

The sedimentation process should be slow enough so that the

colloids concentrated at the bottom of the container will undergo a hard-sphere
disorder-to-order phase transition to form a three-dimensionally ordered structure.

Fig. 26. Heavily etched (30 sec, 10% HF) fracture surface of a colored opal [25].

The major disadvantage of the sedimentation method is lack of the control over the
morphology of the top surface and the number of layers.
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3.4 Template-assisted assembly

Template-assisted assembly is to introduce surface or spatial confinement to
self-assembly.

The surface confinement provided by liquid droplets has been used to

assemble colloidal particles or microfabricated building blocks into spherical objects.
Fig. 26 shows assembled structures determined by the geometric confinement
provided by the templates [25].
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Fig. 27. The SEM images of two dimensional arrays of colloidal aggregates that were
assembled under the confinement of templates etched in the surfaces of Si(100)
substrates: (A) 800 nm PS beads in square pyramidal cavities 1.2 µm wide at the base;
(B) 1.0 µm silica colloids in square pyramidal cavities 2.2 µm wide at the base; (C)
0.8 µm PS beads in V-shaped grooves 2.5 µm wide at the top; and (D) 1.6 µm PS
beads in V-shaped grooves 10 µm wide at the top. Note that the use of V-shaped
grooves as the templates also allowed one to control the orientation of the colloidal
crystals. In parts C and D, the fcc structures have a (100) orientation rather than (111),
the one that is most commonly observed when spherical colloids are crystallized into
three-dimensional lattices. The arrows indicate defects, where one can also see the
colloidal beads underneath the first layer of the structure.

CHAPTER 4

SYNTHESIS OF METALLIC NANOMATERIALS BY SOLUTION
PHASE METHOD

4.1 Synthesis of silver nanoparticles and nanowires

The general method of synthesis of metallic colloidal dispersions is reduction of
metal complexes in dilute solutions, a variety of methods have been developed to
initiate and control the reduction reactions [26].

The formation of monosized a

metallic nanoparticles can be achieved by combination of low concentration of solute
and polymeric monolayer adhered onto growth surfaces.
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Both a low concentration

of solute and a polymeric monolayer would hinder the diffusion of growth species
from the surrounding solution to the growth surfaces.

As a result, the diffusion

process will restrict further generation of initial nuclei and establish a uniformity of
the sizes of the metallic nanoparticles.
In the synthesis metallic of nanoparticles, various types of precursors, reduction
reagents, other chemicals, and methods were used to initiate or control the reduction
reactions, the generation of nuclei and their subsequent growth.

Table II summarizes

the precursors, reduction reagents and polymeric stabilizers commonly used in the
production of metallic colloidal dispersions (nanomaterials).
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Tab. II. Summary of precursors, reduction reagent and polymer stabilizer [1].

Examples of precursors are elemental metals, inorganic salts and metal
complexes, such as, Ni, Co, HAuCl4, H2PtCl6, RhCl3 and PdCl2. Reduction reagents
include sodium citrate, hydrogen peroxide, hydroxylamine hydrochloride, citric acid,
carbon monoxide and sodium hydroxide. For polymer stabilizers, there are
polyvinylalcohol (PVA), polyvinylpyrrolidone (PVP) and sodium polyacrylate.
Hirai et al., [27] fabricated a rhodium colloidal dispersion by refluxing a
solution of rhodium chloride and PVA in a mixture of methanol and water at 79 oC.
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The methanol was used as a reduction reagent. The volume ratio of the reduction
reagent and water was 1:1 then refluxing was carried out in argon or air for 0.2 to 16
hrs. The following equation shows the reduction reaction:

RhCl3 + (1.5)CH3OH→ Rh + (1.5)HCHO + 3HCl .

(22)

PVA was used as a polymer stabilizer and also served as a diffusion barrier.

Rh

nanoparticles prepared were found to have mean diameters ranging from 0.8 nm to 4
nm.

However, a bimodal size distribution was found, with large particles of 4 nm

and small ones of 0.8 nm. Increasing refluxing time was found to result in a decrease
of small particles and an increase of large particles, which was attributed to Ostwald
ripening.
The solution phase method (or polyol reduction developed by Sun et al.,[28])
was used here to synthesize silver nanoparticles.

In a typical polyol synthesis, silver

atoms are formed by reducing AgNO3 precursor (silver nitrate) with ethylene glycol
C2H4(OH)2 = HOCH2CH2OH through the following mechanism [29] :

2C2H4(OH)2→ 2CH3CHO(acetaldehyde) + 2H2O

,

2AgNO3 + 2CH3CHO→CH3COOCCH3 (methylacetate) + 2Ag + 2HNO3
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(23)

,

(24)

where acetaldehyde = C2H4O = athanal, methyl acetate = C4H6O2 = methyl ethanoate
and HNO3 is the nitric acid.

Once the concentration of silver atoms reaches the

supersaturation level, silver atoms nucleate and grow into silver nanostructures in the
solution phase.

Nucleation could proceed through two different paths:

heterogeneous or homogeneous. In the case of heterogeneous nucleation, the presynthesized

Pt nanoparticles with diameters on the order 5 nm were formed by

additional reducing PtCl2 with ethylene glycol [30]:

PtCl2 + 2C2H4O → C4H6O2 + Pt + 2HCl

,

(25)

and served as nuclei for the epitaxial growth of silver. As a result of this nucleation
process, silver nanoparticles with diameters of a few tens of nanometers were formed
in the solution.

At the same time, homogeneous nucleation yields nanoparticles with

diameters in the range of a few nanometers which are well dispersed because of the
presence of poly(vinyl pyrrolidone) (PVP = C6H9NO),
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Fig. 28. Poly vinyl-pyrrolidone.

a polymer surfactant that can be absorbed onto the surfaces of silver nanoparticles
through O-Ag bonding.

With the assistance of PVP, some of the large nanoparticles

are able to grow into rod-shaped structures with lateral dimensions in the range of a
few tens of nanometers.

One possible function for PVP is to kinetically control the

growth rates of different crystallographic faces.
The laboratory equipment and chemicals required for the solution phase method :
for fabrication
fabric heating mantle ( Electrothermal, 120V)
oil bath ( Aldrich stainless steel oil bath, medium, 152 mm in diameter, 91
mm high, silicon oil - 1 kg)
Digitrol II heat controller, 120V
magnetic stirrer plate ( Nuova stirrer Thermolyne)
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magnetic stir bars
three-neck round bottom flask
burettes
thermometer with 10˚ offset inlet adapter
computer controlled dual infusion syringe pumps (Koeln Versapumps)
- for filtration
micro-scale borosilicate glass funnel and base
glass fitted support
pipettes
Erlenmeyer vacuum flask
aluminum glass spring
Whatman Millipore membranes
mechanical pump
- for centrifugation
centrifuge (Fisher Scientific Benchtop Centrifuges Model 228)
- and chemicals
anhydrous ethylene glycol ( Aldrich, 99.8%)
silver nitrate ( Aldrich, 99+%)
PVP ( in repeating unit, weight-average molecular weight ~ 29,000; 55,000;
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1,300,000, Aldrich)
A set-up for the chemical solution method requires a temperature controller, a
heating mantle (or an oil bath), a magnetic stir plate, a three-neck flask-container for
two solutions, a thermometer and two syringe pumps (or two burettes) (Fig. 29, Fig.
30, Fig. 31, Fig. 32 and Fig. 33).

Fig. 29. Image of laboratory equipment with two syringe pumps and mantle.
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Thermometer
Kloehn

Kloehn

VersaPump 6

VersaPump 6

Radel Tubing

Radel Tubing
PEEK

PEEK

Tubing

Tubing

Ethylene

3 Neck

Glycol

Round Bottom

PVP

AgNO3
Heating Mantle

Solution

Solution

Temperature
Controller

Stir Plate

To Computer

Fig. 30. Schematic diagram of the set-up from Fig. 29.

Fig. 31. Image of laboratory equipment with two burettes and heating mantle.
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Fig. 32. Descriptive image of laboratory equipment with two burettes and heating
mantle.

Fig. 33. Image of laboratory equipment with two syringe pumps, mantle and oil bath.
One infusion syringe pump (Fig.34) through a tube provides AgNO3 solution
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and the other syringe PVP solution with a specific rate to a container placed in the
heating mantle (or the oil bath) kept at the constant temperature of 160ºC.

Port
valve
Syringe

Fig. 34. Infusion syringe pump.

The dual infusion syringe pumps control the flow rate of the solutions. They are
programmable instruments with 48,000-step resolution for its 6 cm stroke. Two to
eight port valves can be mounted to them and syringes from 50 µL to 50 mL can be
used. The unit can accept individual commands or programs via its serial
communication interface. Two-way, serial communication between the dual infusion
syringe pump and a controlling host (a computer) is done via communication cable
wiring interface. In addition, a centrifuge (Fig.35) is required to separate nanoparticles
or nanowires from solution by spinning.

56

Fig. 35. Fisher centrific model 228 benchtop centrifuge.

A filtration set-up (Fig.36) is also needed to separate nanoparticles from nanorods or
nanowires.

Fig. 36. Filtration set-up.
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Finally, a scanning electron microscope (SEM) and an atomic force microscope
(AFM) are used to study morphology of nanomaterials.
Prior to the experiment, the molarity of solutions and the flow rate of the
syringe pumps have to be established.
The total weight of AgNO3 and PVP (C6H9NO) is calculated from the periodic table of
the elements (169.87194 mg and 111.14356 mg, respectively) as shown below :

Ag =
N

107.86820 mg

6C =

72.06600 mg

9H =

9.07146 mg

=

14.00674 mg

N

=

14.00670 mg

3O =

47.99700 mg

O

=

15.99940 mg

169.87194 mg

111.14356 mg

For the molar concentration of AgNO3 (0.25M) and C6H9NO (0.375M), 254 mg of
AgNO3 solution and 250 mg of C6H9NO solution are required by the following
calculations :

[0.006L AgNO3 solution] × [0.25mol AgNO3 /(1L AgNO3 solution)] × [169.87194 mg
AgNO3/(1 mol AgNO3)] = 254 mg

58

[0.006LC6H9NO solution] × [0.25mol C6H9NO/(1L C6H9NO solution)] ×
[169.87194 mg C6H9NO/(1 mol C6H9NO)] = 250mg

E.g., for the flow rate of 0.375ml/min, the speed set up of dual infusion syringe pump
between speeds in volume units per second and Hz is calculated by the following
equations :

volume per second/steps(Hz)

=

volume per full stroke/ steps full stroke

0.375(mL/sec)/steps (Hz) = 5(mL/ full stroke)/ 48000 (steps full stroke)

steps = (48000 × 0.375 step)/(5× 60 sec) = 60 Hz

The syringe steps can be found as follows :

Steps = (48000steps × 3mL)/(5mL) = 28800 steps

3mL of syringe steps = 48000 – 28800 = 19200
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Therefore, the command to control the flow rate was V60 A 19200 R.
After this setting, the standard synthesis of silver nanoparticles begins with
heating 5 ml of ethylene glycol (EG) at its boiling temperature (160ºC) for
approximately 1 hour. A simultaneous addition of 6 ml EG solution of AgNO3 (0.25
M) and 6 ml EG solution of polyvinyl pyrrolidone (0.375 M) results in the
nanoparticles and nanowires growth. This process operates at a very slow flow rate
(0.375 mL/min). Finally, the reaction of the mixture takes place for another 45
minutes. Silver nanoparticles or nanowires are extracted from the highly viscous EG
through centrifugation, filtration, decanting and dilution in de-ionized water. The
shape and size of the final product was analyzed by scanning electron microscope
(SEM) and atomic force microscope (AFM).
The shape and the size of the nanoparticles and nanowires strongly depends on
reaction temperature, the molar concentration of AgNO3 and PVP solutions, the molar
ratio between PVP and AgNO3 solutions, the initial temperature of the solution
preparation, etc.

My data are summarized in Table III.

Silver nanomaterials were

fabricated under variation of molarity ratio between PVP and AgNO3, molarity of
AgNO3 itself, the delivery rates of PVP and AgNO3 solution into reaction flask and
the total growth time. The results are restricted to the value of molarity of PVP
solution fixed and equal to 0.375 M as well as the reaction temperature of 160o C
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maintained by changing continuously power in the temperature controller.

The main

intention of those restrictions is to provide some clarity to tremendous number of
parameters playing an important role in nanomaterials fabrication.

Total
Molarity(M)

Number
Results

of trials

Rate(ml/min)

Growth
Time(min)

PVP/AgNO3 AgNO3
1.5

0.25

0.375

45

MTPs

12

1.5

0.25

0.375

50

MTPs

1

1.5

0.25

62.5

45

MTPs

1

6

0.0625

0.375

25

6

0.0625

0.375

22

6

0.0625

0.375

20

3

0.125

0.375

20

MTPs

1

1.5

0.25

0.375

20

MTPs

1

0.75

0.5

0.375

20

MTPs

1

6

0.0625

0.375

17

nw, nc

1

6

0.0625

0.375

15

nw, nc

3

3.75

0.1

0.375

45

MTPs, nw,
nc

9

1.25

0.3

0.375

45

MTPs

1

7.5

0.05

0.375

45

hexagons
nw, nc

2
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wires(nw),
nc
nw, nc
nw,
cubes(nc)

1
2
9

3.75

0.1

0.375(PVP)
62.5(AgNO3)

45

MTPs, nw,
nc

8

1.875

0.2

0.375

45

MTPs

1

2.5

0.15

0.375

45

MTPs

1

7.5

0.05

45

Nw, nc

2

3.75

0.1

0.375(PVP)
62.5(AgNO3)
62.5(PVP)
0.375(AgNO3)

MTPs, nw,

45

nc

2

Tab. III. Summary of experimental data (MTPs – multiply twinned nanoparticles).

The typical evolution of the color changes after nucleation of silver
nanoparticles due to a densification of the colloidal silver suspension as the time of
reaction increases is illustrated in Table IV.

Date
6/3/2004

Conditions
PVP: 0.375

Preparation
5 ml of EG was

AgNO3: 0.0625 heated for one

Settings
Dispening

Summary
This expriment

rate: .375 ml/min; 5 was done with a

hour in the three

ml of EG heated

growth time of 15

neck flask; 2

for an hour to

mins. The final

beakers with 6ml temperature of
o

solution was

of EG mixed with 160 C.

allowed to cool to

PVP and

room temperature

AgNO3,respectivel

before being

y; these solutions

cleaned.

were then
aspirated into to
the pumps 3ml
each.
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Experimental
Data
Time (min)

Temperature

Powrtrol (%)

Stir Rate (rev/sec)

Color

0

( C)
1

160

40

8

yellow

2

157

50

6

orange

3

158

50

5

red

4

159

50

4

yellowish green

5

160

50

8

turquoise

6

160

45

8

turquoise

7

160

45

8

turquoise/gray

8

161

40

8

turquoise/tan

9

164

20

8

tan (light)

10

164

20

8

tan (light)

15

160

38

8

tan (light)

Results
MTPs (multiply twinned nanoparticles),
nanowires and a minimal amount of nanocubes

Tab. IV. Typical color evolution of nanoparticle suspension during reaction process.
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a

e

b

f

c

g

0.75µm

d

h

2µm

Fig. 37. SEM micrographs of silver nanoparticles.

Typical SEM micrographs of silver nanomaterials are depicted in Fig. 37.
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4.2 Role of reduction reagents

During the synthesis, the size and size distribution of silver nanoparticles is
dependent on the types of reduction reagents. Generally, a fast reaction rate and
formation of smaller nanoparticles require a strong reduction reagent. On the other
hand, a slow reaction rate and formation of larger nanoparticles result from a weak
reduction reagent. The slow reaction by the weak reduction reagent may result in
either wider or narrower size distribution. If the slow reaction leads to the continuous
formation of new nuclei or secondary nuclei a wide size distribution is observed
otherwise diffusion-limited growth results in a narrow size distribution. Tab. V
summarizes average size of gold nanoparticles synthesized by using various reduction
reagents. The size of gold nanoparticles can be changed by synthesis conditions even
with the same reduction reagent.

65

Tab. V. Comparison of average sizes of Au nanoparticles synthesized using various
reduction reagents, characterize by various means all in nanometer [31].

4.3 Role of polymer stabilizer

Polymer stabilizers (PVP, sodium polyphosphate, sodium polyacrylate, etc.,)
may play various roles in the growth process of nanoparticles.

Although the primary

role of the stabilizer is to prevent agglomeration of nanoparticles, the interaction
between the surface of a solid nanoparticle and polymer stabilizer may be affected by
the surface chemistry of solid, the polymer, solvent and temperature.

Thus, a high

concentration of polymer stabilizer on the growth sites results in a decrease of the
growth rate of nanoparticles.
The polymer stabilizer also effects the shape of nanoparticles.
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Ahmadi et al.,

[32] synthesized colloidal platinum nanoparticles by using sodium polyacrylate.
Under certain conditions, a change in the ratio of the concentration of the sodium
polyacrylate to that of Pt ions from 1:1 to 5:1, cubic and tetrahedral Pt nanoparticles
were created, respectively. This show that the different concentration of polymer
stabilizer affects the growth rate of {111} and {100} facets of Pt nuclei.

4.4 Solution phase method

The solution phase method (or polyol reduction developed by Sun et al.,[30])
was used here to synthesize silver nanoparticles by using ethylene glycol, silver
nitrate and poly vinyl-pyrrolidone (PVP).

In this process, ethylene glycol serves as

both solvent and reducing agent of metal precursor (silver nitrate). The capping
reagent PVP prevents an agglomeration of nanoparticles and effects the growth rate in
the certain crystallographic directions.

At the appropriate concentration of silver

atoms, nanoparticles with diameters less than 5 nm are formed through a
homogeneous nucleation process. Consequently, silver nanoparticles grow larger by
Ostwald ripening process (Fig.38).
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Fig. 38. Oswald ripening process.

The precise function of PVP in solution phase method is not completely known
but the most studies confirm that PVP controls the growth rates of the
crystallographic faces of silver through adsorption (Fig.39).

Fig. 39. Illustration of the possible function of PVP in controlling the growth of silver
nanostructures [33].

The growth rates of some surfaces depend on amount of PVP on it. If there is a
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high concentration of PVP on some faces (Fig. 39 B), silver nanoparticles grow
isotropically.

Otherwise, they grow anisotropically (Fig. 39A).

The shape of

nanoparticles can be decided by selectivity rule imposed by PVP.
Gao et al., [34] also studied growth mechanism of silver nanowires by PVP
assisted reduction process. They demonstrated the evolution process of various silver
nanoparticles and nanowires (Fig. 40).

Fig. 40. Schematic illustration of the growth mechanism of silver nanomaterials with
different structures [36].

As you see from Fig. 40 (a), the silver nanowires are generated by a heterogeneous
nucleaton process with anisotropic growth. First, five twinned nuclei are formed and
then they rapidly grow along the {111} direction, resulting in silver nanowires.
Fig.40 (b) also shows heterogeneous nucleation with anisotropic growth. The regular
silver nanoparticles such as cubes and triangles are formed by PVP which controls the
growth rates along the different directions of the silver nanoparticles. Fig.40 (c)
illustrates homogeneous nucleation with isotropic growth of spherical silver
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nanoparticles. First, small nanoparticles are formed and then they are aggregated by
using Oswald ripening process to become larger silver nanoparticles.
Recently, Sun et al., [35] explained the growth mechanism of silver
nanoparticles and the exact role of PVP in this polyol process (Fig. 41). They
addressed two important issues of this growth. One is related to multiply twinned
particles (MTP) with decahedral shape.

It appears that the MTP has a five-fold

symmetry with its surface bounded by {111} facets. Once the particle size has
reached a critical value, the twinned nanostructure is the suitable formation to
minimize the surface energy. It is essential to generate the decahedral shape for both
sides of five-twinned boundaries because only a single crystalline lattice can not fill
the space of object of five-fold symmetry. The twin boundary is believed to originate
from an angular gap or wedge Volterra disclination (with an angle of ~7.5°)[36].
The twin boundary has the highest energy site on the surface of MTP.

As a result,

the silver atoms easily diffuse toward its surrounding area from the solution during
the Ostwald ripening process.

Due to the diffusion of silver atoms on the twin

boundaries, the elongation of an MTP into a rod shaped nanostructure is created under
the confinement of twin planes. During the growth process, {100} facets form side
surfaces. Another issue is the chemical interactions with the oxygen atoms of the
pyrrolidone units of PVP which stabilize the {100} facets.
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The chemical interaction

between PVP and the {111} facets should be much weaker than {100} facets because
it enables the growth of the two ends of the nanorod continuously through Ostwald
ripening. If the rod shaped structure has been created, it can easily grow into a longer
nanowire since the sides of surfaces are tightly passivated by PVP and the both side
ends remain with a small coverage of PVP. Consequently, the new silver atoms
activate the diffusion on the both ends continuously.

Fig. 41 (B) shows how silver

atoms are continuously supplied to the ends of a silver nanorod through diffusion.
Their high chemical potentials and reactivity makes silver atoms keep diffusing to the
ends of a nanorod. As a result, the pentagonal cross section, the straightness of five
side edges, and the flatness of five side surfaces are all kept throughout the growth
process.
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Fig. 41. Schematic illustration of the mechanism of silver nanorod [35]: (A) Evolution
of a nanorod from a multiply twinned nanoparticle (MTP) of silver under the
confinement of five twin planes and with the assistance of PVP. The ends of this
nanorod are terminated by {111} facets, and the side surfaces are bounded by {100}
facets. The strong interaction between PVP and the {100} facets is indicated with a
dark-gray color, and the weak interaction with the {111} facets is marked by a lightblue color. The red lines on the end surfaces represent the twin boundaries that can
serve as active sites for the addition of silver atoms. The plane marked in red shows
one of the five twin planes that can serve as the internal confinement for the evolution
of nanorods from MTP. (B) Schematic model illustrating the diffusion of silver atoms
toward the two ends of a nanorod, with the side surfaces completely passivated by
PVP. This drawing shows a projection perpendicular to one of the five side facets of a
nanorod, and the arrows represent the diffusion fluxes of silver atoms.

Fig. 42 and Fig. 43 depict images of silver nanowires synthesized with 0.1 M of
AgNO3 and 0.3 M of PVP at 160˚C.

The shape of silver nanowires corresponds to

five-twinned boundary which is similar to the shape in Fig. 41.

The growth of {100}

facet is hindered by high concentration of PVP, whereas the growth of {111} facet is
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accelerated by low concentration of PVP.

As a result of it, the longer nanowires are

formed during diffusion process.
From Fig. 43, the end of nanowire which is zoomed into pentagonal symmetry
confirmed the growth mechanism proposed by Sun et al.,[35].

(A)

(B)

Fig. 42. (A) and (B) show the ends of nanowires with five-fold symmetry.
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111

Fig. 43. Five {111} facets of silver nanowire.

CHAPTER 5

STRUCTURAL CHARACTERIZATION OF NANOPARTICLES
AND NANOWIRES

5.1 Scanning electron microscope analysis

The scanning electron microscope provides greater spatial resolution and depth
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of focus than optical microscope. The SEM can provide nanometer-level resolution up
to 1,000,000 times in magnification. This is a non-destructive technique where
primary electron beam is scanned over the surface of the samples. Different
phenomena such as generation of secondary electrons (SE), backscattering of the
secondary electrons (BSE) and emission of X-ray take place in the sample [37]. The
signals generated by these processes are used by the corresponding detectors for
image formation. SE are emitted from the uppermost surface of the sample. The
emission intensity depends on the topography and the composition of the sample
surface. Back scattering of the secondary electrons (BSE) are emitted from the sample
due to elastic collision with the primary electrons. The intensity of the image depends
on the average atomic number on the area. Inelastic scattering of the incident
electrons produces the emission of X-ray with energies characteristic of the atoms in
the specimen. A FEI Sirion Field-Emission system equipped with SE, BSE and X-ray
detectors was used to analyze silver nanomaterials. It has a spatial resolution of 5 nm
along the X and Y direction.
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Fig. 44. FEI Sirion system used to obtain SEM images.

5.2 Atomic force microscopy

The atomic force microscope (AFM) is a high-resolution scanning probe microscope,
which can resolve features down to fractions of a nanometer (Fig. 45).

Fig. 45. Veeco multimode V AFM/SPM.
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The operation of the AFM is based on the measurement of the forces between
the sharp tip of the probe which is attached to a cantilever spring and the sample
surface.

The AFM can be operated in three different modes, namely, the contact

mode, non-contact mode and the tapping mode. Fig. 46 shows an AFM image of the
silver nanoparticles obtained by the tapping mode.

Fig. 46. AFM image of silver nanocubes agglomerates (AgNO3 :0.25M, PVP:0.375M).
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CHAPTER 6

SELF-ASSEMBLY OF SILVER NANOMATERIALS

6.1 Drop-coating method

Large areas of reasonably packed monolayers of self-assembled silver
nanoparticles have been fabricated by the drop-coating method.

After synthesis of

silver nanoparticles (a mixture of 0.1 M AgNO3 and 0.375 M PVP solutions in
ethylene glycol was subjected to the temperature of 160˚C for metal reduction), the
sample has been extracted from the mixture, dissolved in the distilled water,
centrifuged and transferred to the silicon substrate in the form of the thin wetting film.
As a result of it, we could see the substantial aggregation of silver nanoparticles (see
Fig. 47). The formation of a monolayer array or multilayers is controlled by two
processes: capillary forces and water evaporation
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Fig. 47. Self-assembly of silver nanoparticles.

It appears that large areas of reasonably packed monolayers of self-assembled silver
nanowires can be produced by the same drop-coating method.

After synthesis of

silver nanowires (a mixture of 0.95 M AgNO3 and 0.375 M PVP solutions in ethylene
glycol was subjected to the temperature of 160˚C for metal reduction), the sample was
extracted from the mixture, dissolved in the distilled water, centrifuged and left in the
beaker to form a thin wetting film at the bottom of it.

As a result of it, this time we

could see the substantial aggregation of silver nanowires (see Fig. 48).

The

formation of a monolayer array or multilayers is controlled by the same two
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processes: capillary forces and water evaporation.

Fig. 48. Self-assembly of silver nanowires.

Within the same drop-coating method to improve further densification of arrays in the
large areas of reasonably packed monolayers of self-assembled silver nanoparticles,
the samples were transferred to the slanted glass substrates in three different
configurations with angles of 15o, 30 o and 45 o (see Fig. 49) and with blocking glass.
Here, the formation of a monolayer array or multilayers is controlled by three
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processes: capillary forces, water evaporation and gravity.

Ag + water

Blocking glass

Glass substrate
30˚˚

15˚˚

45˚˚

Fig. 49. Self-assembled arrays of silver nanoparticles with the blocking glass and
three different angles of substrates with respect to the horizontal.

Fig. 50 shows SEM micrographs of silver nanoparticles array with 15o angle for the
slanted glass substrate with respect to the horizontal line. The SEM image shows
aggregation of nanoparticles next to the location of blocking glass. It can be clearly
seen from Fig. 50 that nanoparticles array are pretty well packed in this area.
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Boundary of blocking
Fig. 50. Array of silver nanoparticles on 15º slanted glass substrate with blocking
glass.

Boundary of blocking
Fig. 51. Array of silver nanoparticles on 30º slanted glass substrate with blocking
glass.
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Boundary of blocking
Fig. 52. Array of silver nanoparticles on 45º slanted glass substrate with blocking
glass.

The SEM images in Fig. 51 and Fig. 52 show array of silver nanoparticles on 30º
and 45 o slanted glass substrates, respectively. Comparing with 15º, the array of silver
nanoparticles on 30º slanted glass substrate shows much better densification.
Unexpectedly, the sample (Fig. 52) made on 45º slanted glass substrate was not
arranged well because the nanoparticles used for self-assembly had non-uniform size
distribution.
Within the same drop-coating method to avoid existing imperfections (see Fig.
50 and Fig. 51) in the densification of arrays in the large areas of reasonably packed
monolayers of self-assembled silver nanoparticles, the samples were transferred to the
slanted glass substrates in three different configurations with angles of 15 o, 30o and
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45o (see Fig. 53) with respect to the horizontal but this time without blocking glass.
Here, the formation of a monolayer array or multilayers is controlled by four
processes: capillary forces, water evaporation, gravity and van der Waals forces.

30˚˚

15˚˚

45˚˚

Fig. 53. Three different angles of substrates with respect to the horizontal without
blocking glass.

The SEM images in Fig. 54 and Fig. 55 show array of silver nanoparticles on 30º
and 45 o slanted glass substrates without blocking glass, respectively.
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Fig. 54. Array of silver nanoparticles on 30º slanted glass substrate without blocking
glass.

Fig. 55. Array of silver nanoparticles on 45º slanted glass substrate without blocking
glass.

Finally, the best angle of the slanted glass substrate with respect to the horizontal
for self-assembled array of nanoparticles is 30º with and without blocking glass, as
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you can see from Fig. 50, Fig. 51, Fig. 52, Fig. 54 and Fig. 55.

6.2 Physical characterization of silver nanoparticle arrays

6.2.1 Introduction to evanescent microwave microscopy

There is an increasing demand to promote non-destructive and non-contact
methods for determining the surface and subsurface properties of materials.
Electromagnetic measurements are the foundation for emerging new technologies as
well as improving the existing devices and processes. The electromagnetic properties
of interest in characterizing materials are their local complex permittivity parameters,
such as conductivity and dielectric constants. A quantitative relationship between the
real and imaginary part of local complex dielectric constant and frequency shift using
the method of images is described in this chapter [38]. The extraction of quantitative
data through evanescent microwave microscopy requires a detailed configuration of
the field outside the probe-tip region. The solution to this field will relate the
perturbed signal to the probe-tip-sample distance and the physical properties of the
sample can be determined. In this experimental study, a near field microwave
microscopy sensor was used to characterize the samples of silver nanoparticles
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through the frequency shift measurements of an evanescent microwave probe. The
relative sensitivity of the microscope is in the range of 10-2 and the resolution is
governed by the radius of the probe-tip [40]. The microwave probe consists of a tuned
λ/4 coaxial transmission line with an end wall aperture as shown in Fig. 56. A TEM
wave, created from a frequency generator moves along the coaxial probe and is totally
internally reflected at the surface of the end wall aperture. The evanescent waves
emanate off a sharpened tip extending concentrically through the aperture and interact
with the sample. The coaxial microwave probe is coupled to the network analyzer
through a tuning network and coupled to the sample as shown in Fig. 57.

Network analyzer

Resonant probe

Fig. 56. Evanescent microwave microscopy system [40].
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Fig. 57. Block diagram of the evanescent microwave microscopy system [40].

The probe can be operated in two different modes:
(1) It is capable of producing X-Y scans of the material properties if the air gap
distance between tip and sample is held constant. The resonant frequency shift, Qfactor and the reflection coefficient variations related to the physical properties of the
sample surface can be mapped as the probe tip is scanned over some specific sample
area [40]. The changes in the probe's resonant frequency, quality factor and reflection
coefficient are tracked by a Hewlett-Packard 8722ES network analyzer (Fig. 56). The
X-Y stage is driven by optical encoded, dc and linear actuators. The probe is frame
mounted to a Z-axis linear actuator assembly and the height at which the probe is
above the sample can be precisely set. The X-Y stage actuators, network analyzer, and
the data acquisition and collection are computer controlled. The program that
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interfaces to the X-Y stage actuators, serial port communications, 8722ES GPIB
interface, and the data acquisition is written in National Instruments Labview®
software. The complete evanescent microwave scanning system is mounted on a
vibration-dampening table.

(2) The system is also capable of determining local complex permittivity values for
different materials by measuring the resonant frequency shift of the resonant coaxial
probe as the tip approaches the sample surface. The resonant frequency data is
produced by setting the reference resonant frequency at a distance above the sample
surface and moving the probe tip in micrometer segments towards the sample to a
distance of 1 µm from the surface. The resonant frequency reference of the probe is
set at a fixed distance above the sample, which is approximately 15 µm. As the tip
approaches the sample, it will interact with the evanescent wave. The resonant
frequency shift data is best fit by a method of images model that produces the real and
complex part of permittivity [40].
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6.2.2 Experimental data for the resonant frequency and the Q-factor of the
silver nanoparticle arrays

Graphs of the typical experimental values of the resonant frequency and the
reciprocal of the Q-factor as a function of distance between the tip and the sample for
array at 15˚, 30˚, 45˚and pure silver are depicted in Fig. 58, Fig. 59, Fig. 60, Fig. 61,
Fig. 62, Fig.63, Fig. 64 and Fig. 65 and summarized in Tab. VI, respectively.
quality factor is defined as the ratio
frequency and

(∆ ω)

ωo/(∆ ω) , where

The

ωo is the resonant

is the full width at half maximum of the resonant frequency.

The Q-factor is given by (L/R2C)1/2 where L is the inductance, R is the resistance and
C is the capacitance of the sample coupled with the system.

If the tip maintains

constant height above the sample, the Q-factor will change according to local
variation in resistance of the sample.

The surface conductivity of three samples was

compared with pure silver sample (see Tab. VI).
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Fig. 58. Experimental data of resonant frequency for sample at 15˚.
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Fig. 59. Experimental data of resonant frequency for sample at 30˚.
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Fig. 60. Experimental data of resonant frequency for sample at 45˚.
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Fig. 61. Experimental data of resonant frequency for pure silver.
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Fig. 62. Experimental data of the reciprocal Q-factor for sample at 15˚.
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Fig. 63. Experimental data of the reciprocal Q-factor for sample at 30˚.
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Fig. 64. Experimental data of the reciprocal Q-factor for sample at 45˚.
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Fig. 65. Experimental data of the reciprocal Q-factor for pure silver.
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6.2.3 Theoretical interpretation of the resonant frequency and the Q-factor
of the silver nanoparticle arrays

In analyzing the electromagnetic properties of silver nanoparticles array
quantitatively, the probe-tip can be modeled as a conducting sphere with potential Vo
placed above the sample causing a change in the field distribution when the tip is
moved towards the sample.

The method of images is applied to describe the

redistribution of the electromagnetic field and it requires a series iteration of the two
images as shown in Fig. 66 to preserve the boundary conditions.

SPHERICAL TIP

Vo

E1(r,z) , H1(r,z)

ro

q1”= 2εεq1/(ε+ε
ε+εo)

q = q1

qn”= 2εεqn/(εε+εεo)

qn = bqn-1/(a’1 + a’n)
an’

εo
ε

TIP-SAMPLE REGION A

ro

g

r

an’ ro
qn’= -bqn
E2(r,z) , H2(r,z)

q1’= -bq1

SAMPLE REGION B
z

Fig. 66. Image charges (q, q’, q”) for spherical tip over sample [38].
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For example, when we are dealing with a dielectric material, due to the
location of the resonator tip close to the sample, the dielectric material will be
polarized by the electric field.

This interaction causes a redistribution of charge on

the tip in order to maintain the equipotential surface of the sphere and leads to a shift
in the frequency of the resonator [38].
In this model, the material perturbation theory for microwave resonators is
applied, dealing only with the field distribution outside the tip.

The derivation for

the frequency shift for material perturbation [39] is as follows:
Consider a resonator which has been perturbed by the presence of the sample
in the vicinity of the resonator. Let E 0 , H 0 be the fields of the original resonator and

E , H be the fields in the perturbed resonator. The ω 0 and ω are the resonant
frequencies in the unperturbed and perturbed resonator, respectively.

Maxwell’s

equations can be written as

∇ × E 0 = −iω 0 µ H 0

∇ × H 0 = iω 0 E 0

∇ × E = −iω(µ + ∆µ) H

.

(26)

.

(27)

.

(28)
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∇ × H = iω(ε + ∆ε) E

.

(29)

Multiplying the complex conjugate of Eq.(26) by H and Eq.(29) by

H .∇ × E*0 = iω 0 µ H . H *0

.

E *0 .∇ × H = iω(ε + ∆ε) E*0 . E

E *0 , we get

(30)
.

(31)

Subtracting these two equations and using the following vector identity,

∇.(A× B) = B .∇ × A − A .∇ × B

,

(32)

leads to the following equation

∇.(E*0 × H) = iω 0 µ H . H *0 − iω(ε + ∆ε) E*0 . E .

(33)

Similarly, by multiplying the conjugate of Eq.(27) by E and Eq.(28) by H *0 and
using the vector identity in Eq.(32), we get the following equation,
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∇.(E× H *0 ) = −iω(µ + ∆µ) H *0 . H + iω 0 ε E*0 . E

(34)

Adding Eq.(33) and Eq.(34) and integrating over volume V0 and using the divergence
theorem,

∫

V0

∇.(E *0 × H + E× H *0 ) dV = ∫ (E *0 × H + E× H *0 ).d S = 0
S0

= i ∫ {[ω 0 ε − ω(ε + ∆ε)] E *0 . E+ [ω 0 µ − ω(µ + ∆µ) H *0 . H}dV ,
V0

where the surface integral is zero on So.

This equation can be rewritten as

∫V [(∆ε )(E . E 0 ) +(∆µ )(H . H o )]dV = f − f 0 ,
∆f
=− 0
2
2
f0
f0
∫ ε 0 E 0 + µ 0 H 0 dV
V0

(

(35)

)

(36)

V0 is the volume of a region outside the resonator tip, f ( ω = 2 π f ) is the resonant
frequency and f0 ( ω 0 = 2 π f 0 ) is the reference frequency.
From Fig. 66, the potential at any arbitrary points outside the sphere located at a
distance d in cylindrical coordinates (r,θ,z) from the sphere centre will be used to
solve for the unperturbed electric field.
d = r r̂ + (z + r0 + g) ẑ

The distance d is given by

, with radius ro of the spherical tip and g as the gap between
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the tip and surface of the sample.
The potential is given by

V(r, z) =

q
1
4 π ε 0 r 2 + (z + a 1' r0 ) 2

[

]

,

1/2

(37)

and the unperturbed field is given by the negative gradient of the potential V(r,z)

E 0 (r, z) =

where

[

]

r r̂ + (z + a 1' r0 ) ẑ
q
4 πε 0 r 2 + (z + a 1' r0 ) 2 3/2

[

]

,

(38)

a 1' r0 = r0 + g .

The potential Vo on the spherical tip is given by

V0 =

q
4πε 0 r0

.

(39)

By using the method of images (Fig. 66), the perturbed electric field in the tip-sample
region and the sample volume (where ro is much smaller than the sample thickness)
can be derived as [38]
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q
E1 (r, z) =
4πε 0

E 2 (r, z) =

[
[

]

[

]

 rr̂ + (z + a ' r ) ẑ
rr̂ + (z − a 'n r0 ) ẑ 
n 0
qn 
−b
,
∑
3/2
3/2 
n =1
 r 2 + (z + a 'n r0 ) 2
r 2 + (z − a 'n r0 ) 2 
∞

]

[

[

]

∞
rr̂ + (z + a 'n r0 ) ẑ
1
q
∑ n 2
3/2
2 π (ε + ε 0 ) n =1
r + (z + a 'n r0 ) 2

[

]

]

,

(40)

(41)

where

a 'n = a 1' −

tn =

b=

1
, q n = t nq
a + a 'n −1

bt n
,
a + a 'n −1
'
1

ε − ε0
,
ε + ε0

,

(42)

t1 = 1

,

(43)

ε = ε ' + iε "

.

(44)

'
1

It is important to notice that for a tip placed in free space, ε = ε0 at the location
r = 0 and z = −g − r0 and E 0 = E1 = E 2 , thus confirming the asymptotic behavior in
Eq.(38), Eq.(40) and Eq.(41). By integrating the unperturbed electric field in Eq.(38)
and the perturbed electric fields in Eq.(40) and Eq.(41) over a region outside the
spherical tip the frequency shift Eq.(36) becomes [38]
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 ∆f

 f0


 ∆f   ∆f
 =   + 
 total  f 0 1  f 0

∞

 1
1 
 = −A ∑ t n 1 − (1 − b ) '

a 1 + a 'n 
n =1
2
 2

,

(45)

where

 ∆f

 f0

∞

 1
1 
 = − A ∑ t n 1 − (1 + b ) '

a 1 + a 'n 
n =1
1
 2

 ∆f

 f0

∞
 b 

 = −A∑ t n  '
 eg. B,
'  R
n =1
2
 a1 + a n 

1 1
1
∆f
∆   = −
= − (B + tanδ
)
f0
 Q  Q Q0

Reg. A ,

(46)

Parameter A is a constant determined by the geometry of the tip-resonator
assembly. Taking into account the real part of Eq.(45), it can fit this analytical
expression with my experimental data to find the real and imaginary parts of dielectric
constant of the samples.
The model is utilized in the electromagnetic characterization of the silver
nanoparticles arrays to determine the real and imaginary component of the local
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dielectric constant, in particular, their local conductivities. The equations for the
change in the frequency (Eq.(45)) and in the Q-factor (Eq.(46)) are fitted to the
experimental data and plotted in Fig. 58, Fig. 59, Fig. 60, Fig. 61, Fig. 62, Fig. 63, Fig.
64 and Fig. 65. The outcome of these fittings between the theoretical model and
experimental data is presented in Tab.VI where the relative local conductivities
(imaginary part of permittivities or dielectric constants) for silver nanoparticle arrays
are summarized.

SAMPLE

σAngle/σAg

15˚˚

0.60

30˚˚

0.78

45˚˚

0.90

REFERENCE

1.00

Tab.VI. Relative conductivity of the samples (self-assembled arrays) prepared at
three different angles of a slanted glass substrate in the reference to pure silver sample.

CHAPTER 7

CONCLUSIONS

Synthesis of silver nanostructures has been an active research area for many
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decades because of their importance in biological sensing, imaging, electronics,
optoelectronics and catalysis.

In particular, much effort has been devoted to the

controlled synthesis of silver nanowires because of their potential use as interconnects
or active components in fabricating nanoscale devices.
In my research, solution phase method was used to form Ag nanoparticles by
reducing silver nitrate with ethylene glycol heated to 160 oC.

The additional

presence of polyvinyl pyrrolidone was playing a double role as a stabilizer to prevent
an agglomeration and as a capping agent to produce highly anisotropic nanowires.
My primarily goal was to find synthesis conditions with emphasis on their nucleation
processes and growth mechanism to create nanocubes.

To achieve that it was

desirable to have a nucleation of silver nanoparticles in a very short period of time in
order to reduce the time needed for formation of planar defects such as twins and
stacking faults (these defects are usually created readily when the surface energy of
the {100} facets (γ{100}) is greater than the surface energy of the {111} facets (γ{111})).
As a result of this difference in the surface energies, the undesired multiple-twinned
nanoparticles (MTPs) such as decahedra or icosahedra (consisting of twenty
decahedra) bound almost entirely by the lower energy {111} facets were produced.
It is important to stress that such MTPs are the most thermodynamically stable silver
nanoparticles because γ{111} < γ{100}. To achieve a sharp nucleation which avoids a
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creation of multiple-twinned nanoparticles, silver atoms (growth species) had to
increase abruptly to a very high supersaturation value σ = [(C – Co)/ Co] and then
quickly to drop below the minimum concentration for nucleation.
by lowering rapidly the temperature of the chemical reaction.

It was achieved

In addition, the

presence of polyvinyl pyrrolidone (PVP) as a capping agent in the solution led to the
preferential addition of silver atoms to the {111} facets due to increase in the surface
energy of {111} facets above the γ{100} value resulting in the increase of the growth
rate of these facets.

As the growth rate in the <111> direction was greater than that

in the <100> direction, the {100} sides of the nanocubes became enlarged at the
expense of the {111} corners.

After the nanocubic shape was formed, each face of

the silver nanocube would have the same growth rate, and further growth would
mainly increase the size with no significant morphological variation.

Based on my

studies, these regular nanocubes can be obtained by keeping the concentration of
silver nitrate in the final solution relatively high (between 0.1 M and 0.25 M) for a
short chemical reaction time.

Then the size of the nanocubes were approximately

100 nm along its edges after 45 min.

In the case of the lower concentration of silver

nitrate (less than 0.1 M) the chemical reaction took place much longer to produce
nanocubes.

For example, the size of the nanocubes were roughly 3 µm along its

edges after 24 hrs (see Tab. III and Fig. 37).
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To produce silver nanowires, basically the concentration of silver nitrate had
to be reduced below 0.1 M while keeping the ratio between PVP and silver nitrate
unchanged.

It is pretty obvious that by lowering precursor (silver nitrate)

concentration, the driving force (or the chemical potential) for crystallization was
reduced significantly.

As a result of this reduction, MTPs were formed.

Existing

twin defects there represent the highest energy site on the surface of an MTP, causing
silver atoms preferential crystallization on those sites and leading to uniaxial
elongation of the decahedra into a pentagonal nanorod, whose sides are bound by
{100} facets.

Once the pentagonal nanorods were formed, PVP interacts more

strongly with the {100} sides than with the {111} ends.

Therefore, the nanorods

grew into a longer wire, because its side surfaces were tightly passivated by PVP,
while its ends remained reactive toward the arriving silver atoms.

As a result, long

wires up to hundreds of micrometers were grown (up to 100 nm in diameter) with
growth direction of [110] (see Tab. III, Fig. 37 and Fig. 43).
In both instances, namely, for nanocubes and nanowires mentioned above their
growths proceed until the concentration of the silver atoms in the solution reduces to
the equilibrium concentration (solubility).
As an example, self-assembly of quasi-spherical silver nanoparticles was
created by the drop-coating method.

After synthesis of these nanoparticles we could
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see their substantial aggregation due to capillary forces and water evaporation. To
improve further densification of arrays in the large areas of reasonably packed
monolayers or multilayers of self-assembled silver nanoparticles, the samples were
transferred to the slanted glass substrates in three different configurations with angles
of 15 o, 30o and 45o with and without blocking glass (Fig. 49 and Fig. 53).

The best

array of self-assembled silver nanoparticles was in the case of the sample with 30o
slanted glass substrate.

The formation of a monolayer array or multilayers array was

controlled this time by three processes: capillary forces, water evaporation and gravity.
The relative imaginary (conductive) component of permittivities of the abovementioned samples were measured indirectly by evanescent microwave microscope,
calculated with the help of the electrodynamical model (Eq.(45)) and compared with
the value of a pure silver (Tab. VI).
There is no surprise in the result for the relative imaginary (conductive)
component of permittivities of these samples.

It was shown that relative value of

permittivities was close to one for the highest angle of 45˚˚ for the slanted glass
substrate suggesting a good connectivity between silver nanoparticles.
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